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Introduct ion 

The ob jec t ive  of t h i s  s tudy is t o  examine v a r i a t i o n s  in coa l  s t r u c t u r e  using 
two inverse chromatography approaches. Inve r se  gas chromatography, a technique 
widely used for  s tudying polymers, is being used to study phase t r a n s i t i o n s  in 
coa l s  upon heating. In con t ra s t  t o  c l a s s i c a l  GC, i nve r se  chromatography probes 
t h e  s t a t i o n a r y  phase,  a coa l ,  by determining t h e  r e t e n t i o n  t ime of known com- 
pounds. Thls t r anspos i t i on  of known and unknown in the  GC experiment gives  r i s e  
to the  term " inve r se  chromatography". Inve r se  l i q u t d  chromatography, a new 
technique, is being used t o  examine coal  su r f aces .  This approach is analogous t o  
the  GC method except t h a t  so lven t s  a re  used. The coa l  samples w i l l  be chosen to 
examine v a r i a t i o n s  with rank and to i n v e s t i g a t e  s t r u c t u r a l  changes in ground 
coa l s ,  both in a i r  and in the  absence of a i r ,  as a func t ion  of time. These 
approaches show promise f o r  providing chemical information on s u b t l e  v a r i a t i o n s  in 
coa l  s t ruc tu re .  The i n i t i a l  experiments are descr ibed in t h i s  paper. 

Inverse GC (1-3) has been appl ied to polymers t o  measure the  g l a s s  t r a n s i t i o n  
temperature (4), t he  degree of c r y s t a l l i n i t y  (S), melt ing point  (6) .  thermo- 
dynamics of so lu t ion  (4,7) ,  and chemical composition (8,9). The f i r s t  use of t he  
term "inverse chromatography" is a t t r i b u t e d  t o  Davis and Peterson (8), who appl ied 
the  technique t o  the determination of the degree of ox ida t ion  of a spha l t .  In 
l a t e r  work, the experiments were extended t o  include measurement of thermodynamic 
p rope r t i e s  of the a spha l t .  

Some o the r  methods used t o  s tudy the  physical  s t r u c t u r e  of coal. and coal 
su r f aces  include measurements of hea t s  of adsorpt ion of organics  on coa l  su r f aces  
by GC, to probe the  nature  of solute-coal  su r f ace  i n t e r a c t i o n s  (10); swel l ing 
ind ices ,  f o r  the q u a l i t a t i v e  determinat ion of the ex ten t  of cross- l inking (11);  
i n i t i a l  swel l ing rates, to i n v e s t i g a t e  the  s t e r i c  requirements of swel l ing (12); 
and microscopic observat ion of solvent  d i f f u s i o n  through coa l  thin-sect ions (13). 

* Work performed under the auspices  of t h e  Of f i ce  of Basic Energy Sciences,  
Division of Chemical Sciences,  U. S. Department of Energy, under con t r ac t  number 
W-31-109-ENG-38. 
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Experimental 

Inverse gas chromatography: The coa l  used in t he  inverse  GC experiments was  
an I l l i n o i s  No. 2 hvC bituminous coa l  ( ana lys i s ,  dmmf bas is :  C 73.44, H 5.3%, 
N 1.1%, S 1.6%, 18.1% (by d i f f . ) ) ,  ground t o  -100 mesh and soxhle t  ex t r ac t ed  wi th  
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Retention da ta  from the inverse  GC experiment a re  shown i n  Figure 1. There 
a r e  th ree  r e t en t ion  mechanism l i k e l y  t o  a f f e c t  t he  inve r se  GC experiment. These 
mechanisms are molecular s iev ing ,  su r f ace  adsorp t ion ,  and so lu t ion  of t h e  probe in 
the  s t a t iona ry  phase. The observed r e t e n t i o n  behavior w i l l  be due to  t h e  combin- 
a t i o n  of e f f e c t s  opera t ing  under the  given conditions.  The s p e c i f i c  r e t en t ion  
volume, Vg, is  given by the  sum of the  r e t e n t i o n  terms: i 

V = K V + KOAL + KsWL 
g d L  

I 
where Kd, KO, and K, a r e  the  p a r t i t i o n  c o e f f i c i e n t s  f o r  gas-pore, gas-so l id ,  and 
gas- l iqu id  p a r t i t i o n ,  respec t ive ly ;  VL is the access ib l e  pore volume; AL is the  
access ib l e  sur face  area; and WL is the  access ib l e  mass of the  s t a t i o n a r y  phase. 
It is l a rge ly  the  phase and physical s t a t e  of the  s t a t i o n a r y  phase which de ter -  
mines the  r e t en t ion  mechanism. The r e t e n t i o n  voluue may be r e l a t e d ,  through the  

log  tret VS. 1/T gives a slope propor t iona l  t o  AH,. Changes in the  thermodynamics 
of r e t en t ion  r e s u l t  In d i s c o n t t n u i t t e s  or changes i n  the slope of the  p l o t .  

! 
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1 p a r t i t i o n  c o e f f i c i e n t ,  t o  t he  f r e e  energy or  enthalpy of adsorp t ion ,  and a p lo t  of 

I 
i 

Three such changes i n  s lope  a r e  shown enlarged i n  Figure 1. One, occur r ing  
a t  about llO°C, can be a t t c tbu ted  t o  dehydration of t he  coal. .9n i nc rease  i n  
r e t e n t i o n  is observed, which may be due t o  an inc rease  i n  e i t h e r  t he  amount of 
access ib l e  su r face  (tiL) or the volume of access ib l e  pores (VL). A t  temperatures 
below the  g l a s s  t r a n s i t i o n  temperature,  gas-liquid p a r t i t i o n i n g  w i l l  not p lay  a 
major par t  i n  the  r e t en t ion  of the probe molecule. The reproducible t r a n s i t i o n  
seen a t  14OoC may be due t o  the  lo s s  of t i g h t l y  bound water and loss of o t h e r  
v o l a t i l e  species.  

Other changes in  t h e  s t a t e  of the coa l  a r e  observed a t  E 350'C and 4OOOC. 
S imi la r  t r a n s i t i o n s  have been observed by o the r  workers, with a v a r i e t y  of 
methods. For example, d i f f e r e n t i a l  scanning ca lor imet ry  s tud ie s  by Mahajan ~t. 
(14) showed two endotherms i n  the 300-400°C range, which appear a t  i nc reas ing  
temperature with increas ing  coa l  rank ( i n  t h e  range hvA - hvC). P a t r i c k ,  
Reynolds, and Shaw (15) observed a t r a n s i t i o n  t o  t o t a l  an i so t rop ic  conten t  a t  370- 
42OoC i n  o p t i c a l  an iso t ropy  experiments on v i t r a i n s  with C < 89%. I n  add i t ion ,  
s eve ra l  workers (16) have reported t h a t ,  a f t e r  hea t  treatment,  both t h e  amount of 
pyridine-soluble ma te r i a l  and the  average molecular weight of the  ma te r i a l  reach a 
maximum i n  the  300-35OoC range. 

It is  a l s o  i n t e r e s t i n g  to note the  l a rge  change i n  s lope  of the log tret - 
1/T p lo t  a t  temperatures above 300°C. This is  i n d i c a t i v e  of major changes in coa l  
s t r u c t u r e  above t h i s  temperature. 

Data from the  inverse  LC experiments a r e  shown i n  Figure 2. A s  i n  the in- 
verse  GC experiment, r e t en t ion  behaviot may be expressed by the  sum of s e v e r a l  
r e t e n t t o n  terms, inc luding  those f o r  l i qu id - l iqu id ,  l i qu id - so l id ,  and s i z e  
exc lus ion  chromatography. In l i q u i d  chromatography, t he  capac i ty  f a c t o r ,  k ' ,  i s  
given by 

Y 

4 2 9  



2 )  

where K is t h e  equ i l ib r ium constant of t he  r e t e n t i o n  mechanism, Vs is t he  e f fec-  
t i v e  surface a rea ,  volume, OK pore volume of the  s t a t i o n a r y  phase, and VM is t he  
mobile phase hold-up, or t h e  void volume of the system. The capac i ty  f a c t o r  may 
be determined from t h e  r e t en t ion  time of the  s o l u t e  (t ,)  and the r e t en t ion  t i m e  of 
an unre ta ined  s o l u t e  (t,) o r  solvent f ron t .  The capac i ty  f a c t o r  may be r e l a t e d ,  
through the equ i l ib r ium cons tan t  of the  r e t e n t i o n  mechanism, to  the thermodynamics 
of r e t en t ion  (17). A semi-log p lo t  of k '  VS. 1/T gives  a s lope  propor t iona l  t o  
t h e  enthalpy of t r a n s f e r  between the s t a t i o n a r y  and mobile phases. Non- 
l i n e a r i t i e s  would be symptomatic of changes in t he  na ture  of coal-solute-solvent 
i n t e rac t ions .  A van ' t  Hoff p lo t  fo r  the r e t e n t i o n  of phenanthrene is shown in t h e  
lower part  of Figure 2. Rela t ive ly  good l i n e a r i t y  is observed over the  range 25- 
80Y. 

A semi-log p l o t  of k '  VS. carbon number f o r  t h e  series of aromatic so lu t e s  
benzene, naphthalene,  phenanthrene, and t r iphenylene  is shown in t he  upper pa r t  of 
F igu re  2. This type of p l o t  is use fu l  f o r  the  comparison of the  r e t e n t i o n  powers 
of d i f f e r e n t  s t a t i o n a r y  phases. Data f o r  the medium v o l a t i l e  bituminous coa l  
i n d i c a t e  t h a t  t h i s  ma te r i a l  is s i m i l a r  t o  some reversed-phase HPLC packing 
mater ia l s .  p a r t i c u l a r l y  the  porous carbon packings (18-20). One might expect p i -  
p i  i n t e r a c t i o n s  between t h e  coa l  su r f ace  and aromat ic  s o l u t e s  t o  predominate in 
determining r e t e n t i o n ,  so t h a t  the  capac i ty  f a c t o r  i nc reases  wi th  inc reas ing  
s o l u t e  sur face  area.  

The i n i t i a l  r e s u l t s  presented here  demonstrate t ha t  these  methods will pro- 
vide reproducible r e s u l t s  which can be i n t e rp re t ed .  Coals from the  Argonne 
Premium Coal Sample Program will be inves t iga t ed  using both approaches. We plan 
to examine poss ib l e  changes of the phys ica l  s t r u c t u r e  of coa ls  upon s torage  both 
i n  t h e  oxygen and absence of oxygen. 
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Figure 1. Inverse GC of I l l i n o i s  No. 2 hvC bituminous coal. Top inser t :  145OC 
region, lower left; 350-400'C region, lower right: llO°C region. 
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Figure 2. Inverse LC of Upper Freeport medium v o l a t i l e  bituminous coal .  Top: 

retention data for benzene, napthalene, phenanthrene, and triphenyl- 
ene. Bottom: retention data for phenathrene from 27.5-8OOC. 
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